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A  carbon  nanotubes  (CNTs)  supported  composite  catalyst  consisting  of  Pd  and  Ni  (Pd-Ni/CNT)  is  syn¬ 
thesized  by  a  chemical  method.  The  electrocatalytic  activities  of  Pd/CNT,  Ni/CNT  and  Pd-Ni/CNT  toward 
the  hydrazine  oxidation  reaction  (HOR)  are  evaluated  by  linear  sweep  voltammetry,  electrochemical 
impedance  spectroscopy  and  polarization  measurement.  The  composite  catalyst  demonstrates  higher 
electrocatalytic  activity  than  its  single-constituent  catalysts  due  to  the  synergy  between  Ni  and  Pd.  The 
Pd  addition  in  the  composite  catalyst  prevents  oxidation  of  Ni  so  that  the  Pd-Ni/CNT  electrode  exhibits 
smaller  reaction  resistance  to  the  HOR  than  the  Ni/CNT  and  Pd/CNT  electrodes. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  liquid  fuels  such  as  methanol,  alkaline  borohydride 
and  hydrazine  solutions  have  been  used  in  the  direct  liquid  fuel 
cells  [1-3].  However,  the  direct  methanol  fuel  cells  (DMFCs)  suffer 
from  low  power  density  and  anode  poisoning  due  to  the  methanol 
crossover  during  cell  operation,  and  the  CO  absorption  on  anode 
catalysts  [1  ].  Besides,  the  greenhouse  gas  (C02)  generated  from  the 
methanol  electrooxidation  reaction  is  harmful  to  the  environment. 
The  direct  borohydride  fuel  cells  (DBFCs)  have  no  problems  related 
to  catalyst  poisoning,  and  the  fuel  crossover  does  not  significantly 
influence  the  cell  performance.  However,  the  hydrogen  evolution 
during  operation  is  a  serious  problem  because  it  not  only  decreases 
the  fuel  utilization  and  the  cell  performance  but  also  makes  the 
fuel  cell  system  complicated  [4,5].  Moreover,  the  borate  generated 
from  the  borohydride  electrooxidation  makes  refueling  of  DBFCs 
inconvenient  [2]. 

Compared  with  methanol  or  borohydride  as  the  fuel,  hydrazine 
(N2H4)  exhibits  many  advantages.  Environment-benign  nitrogen 
and  water  are  the  products  from  the  direct  hydrazine  fuel  cells 
(DHFCs): 

N2H4  +  02  -+  N2  +  2H20  £°  =  1.61  V  (1) 
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Nitrogen  gas  is  easy  to  be  expelled  from  the  DHFCs.  There  is  no 
catalyst  poisoning  in  the  DHFCs  [3,6].  Moreover,  the  DHFCs  demon¬ 
strate  a  high  electric  motive  force  of  1.61  V  (close  to  1.64  V  of  the 
DBFCs,  higher  than  1 .21 V  of  the  DMFCs).  Some  catalysts  for  the  HOR 
have  been  developed  [3,6-13].  It  is  reported  that  Pd  is  an  effective 
catalyst  [9,13].  Ni  has  high  electrocatalytic  activity  at  high  tem¬ 
perature  [10,11].  In  our  previous  work  [12],  a  composite  catalyst 
containing  Ni  powder,  Pd/C  and  hydrogen  storage  alloy  has  been 
used  as  the  catalyst  for  the  HOR  at  room  temperature.  However, 
the  function  of  each  constituent  in  the  composite  catalyst  is  not 
clear. 

In  order  to  understand  the  functions  of  the  constituents  in  a 
composite  catalyst  toward  the  HOR,  a  catalyst  consisting  of  Pd 
and  Ni  supported  on  carbon  nanotubes  (Pd-Ni/CNT)  is  synthesized. 
Based  on  materials  characterization  and  electrochemical  analyses 
via  comparison  of  the  composite  catalyst  with  its  single-constituent 
catalysts,  a  hypothesis  of  the  synergy  between  Ni  and  Pd  toward  the 
HOR  is  suggested. 

2.  Experimental  details 

2.1.  Catalyst  preparation  and  characterization 

The  applied  catalysts  were  prepared  by  depositing  metallic  par¬ 
ticles  on  CNTs  (from  Beijing  Cnano  Technology,  Ltd.)  at  70  °C  via 
the  chemical  reduction  of  Pd2+  and  Ni2+  with  hydrazine  in  an 
aqueous  ethylene  glycol  (EG)  solution,  as  suggested  by  Wu  and 
Chen  [14].  The  metal  contents  in  the  obtained  Pd/CNT,  Ni/CNT 
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and  Pd-Ni/CNT  catalysts  were  measured  to  be  20wt.%.  The  mass 
ratio  of  Pd  to  Ni  in  Pd-Ni/CNT  was  1 :1.  The  structure  of  these  syn¬ 
thesized  catalysts  was  characterized  by  powder  X-ray  diffraction 
(XRD)  with  a  Rigaku-D/MAX-2550PC  diffractometer  using  Cu  Ka 
radiation  (A  =  1.5406  A).  Their  morphologies  were  observed  with 
a  JEM-2010  transmission  electron  microscope  (TEM)  operated  at 
200  kV. 

2.2.  Electrochemical  analyses 

Linear  sweep  voltammetry  (LSV)  and  electrochemical 
impedance  spectroscopy  (EIS)  tests  were  performed  in  a  three- 
electrode  system  with  the  CHI  1 140 A  electrochemical  workstation 
(from  CH  Instruments,  Inc.)  and  KFM2005  electrochemical  work¬ 
station  (from  Kikusui  electronics  Corp.).  The  anode  was  prepared 
by  pasting  an  anode  ink  onto  a  piece  of  Ni  foam  with  a  catalyst 
loading  of  1  mg  cm-2.  The  anode  ink  was  prepared  by  mixing  the 
catalyst  powders  with  water,  ethanol  and  Nation  solution  (5  wt.%) 
by  a  mass  ratio  of  1:3:3:7.  A  Pt  wire  and  a  saturated  calomel 
electrode  (SCE)  were  used  as  the  counter  electrode  and  refer¬ 
ence  electrode,  respectively.  Linear  sweep  voltammograms  were 
recorded  at  a  scan  rate  of  10mVs-1.  EIS  spectra  were  recorded 
under  an  applied  current  density  of  2.75  mAcm-2  at  25  °C.  The  AC 
frequency  was  varied  from  1  mHz  to  1  kHz  with  an  amplitude  of 
5  mV.  All  potentials  were  referred  to  SCE. 

The  anode  polarization  behavior  was  studied  in  a  single  cell  with 
an  active  area  of  6  cm2  by  the  PFX2011S  electrochemical  work¬ 
station  (Kikusui  electronics  Corp.).  The  anode  was  prepared  by 
the  same  method  as  described  in  LSV  and  EIS  measurements.  The 
cathode  was  prepared  by  painting  a  cathode  ink  onto  a  piece  of 
hydrophobic  carbon  cloth  with  a  Pt  loading  of  0.25  mg  cm-2.  The 
cathode  ink  was  prepared  by  mixing  the  carbon  support  Pt  pow¬ 
der  (5  wt.%  on  Vulcan  XC-72,  E-Tek  Co.)  with  water,  ethanol  and 
polytetrafluoroethylene  (PTFE)  solution  (6  wt.%)  by  a  mass  ratio  of 
1 :3:3:7.  A  Nation  membrane  (NI  17)  was  used  as  the  electrolyte  to 
separate  the  anode  and  cathode  in  the  cell.  The  membrane  was 
pretreated  by  immersing  in  a  boiling  H202  solution  (3  wt.%)  for 
1  h  and  then  in  a  boiling  de-ionized  water  for  another  1  h.  An 
alkaline  hydrazine  solution  containing  2M  of  N2H4  and  1  M  of 
NaOH  was  used  as  the  fuel.  The  electrode  polarization  was  mea¬ 
sured  at  a  fuel  flow  rate  of  50  ml  min-1  and  an  oxygen  flow  rate  of 
150  ml  min-1. 

3.  Results  and  discussion 

3.1.  Catalyst  characterization 

Fig.  1  gives  the  XRD  patterns  of  the  synthesized  catalysts.  The 
diffraction  patterns  of  Ni/CNT  and  Pd/CNT  match  the  JCPDS  files 
of  PDF-04-0850  and  PDF-87-0641,  identifying  the  existence  of  the 
metallic  Ni  and  Pd,  respectively.  The  XRD  pattern  of  Pd-Ni/CNT 
indicates  the  coexistence  of  the  metallic  Ni  and  Pd.  Through  Scher- 
rer’s  equation  from  the  full  width  half  maximum  (FWHM)  of  the 
diffraction  peaks,  the  average  size  of  Ni  particles  in  Ni/CNT  is  esti¬ 
mated  to  be  16nm,  and  the  average  sizes  of  Pd  particles  in  Pd/CNT 
and  Pd-Ni/CNT  are  estimated  to  be  8.8  and  lOnm,  respectively. 

TEM  images  of  the  synthesized  catalysts  are  illustrated  in  Fig.  2. 
It  can  be  seen  that  the  metallic  Pd  is  homogeneously  distributed 
on  CNTs  in  Pd/CNT,  but  metallic  Ni  exists  in  an  aggregated  form 
in  Ni/CNT  and  Pd-Ni/CNT,  probably  caused  by  the  magnetism  of 
the  metallic  Ni.  The  sizes  of  metallic  particles  are  close  to  the  esti¬ 
mations  according  to  the  FWHM  from  XRD.  The  high  resolution 
transmission  electron  microscopy  (HRTEM)  image  of  Pd-Ni/CNT 
reconfirms  the  coexistence  of  metallic  Pd  and  Ni  particles.  Ni  and 
Pd  particles  contact  each  other. 
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Fig.  1.  XRD  patterns  of  Ni/CNT,  Pd/CNT  and  Pd-Ni/CNT. 

3.2.  Electrochemical  evaluations 

The  transfer  electron  number  of  the  HOR  is  determined  by  the 
N2  evolution  rate  at  a  certain  applied  current  during  hydrazine  elec¬ 
trooxidation  as  suggested  in  our  previous  work  [15].  As  shown  in 
Fig.  3,  the  nitrogen  evolution  rates  during  the  HOR  on  each  catalyst 
are  well  fitted  with  the  4-electron-reaction  of  hydrazine  electroox¬ 
idation: 

N2H4  +  40H“  -*  N2+4H20  +  4e-  £°  = -1.21  Vvs.SHE  (2) 

Fig.  4  shows  the  polarization  behavior  of  hydrazine  electrooxi¬ 
dation  at  the  Ni/CNT,  Pd/CNT  and  Pd-Ni/CNT  electrodes  under  25 
and  60  °C.  The  Pd-Ni/CNT  electrode  exhibits  the  smallest  polar¬ 
ization.  The  EIS  results  as  shown  in  Fig.  5  reveal  that  the  reaction 
resistance  of  the  hydrazine  electrooxidation  (evaluated  by  the 
diameter  of  semicircle  at  low  frequencies  in  Nyquist  plot)  at  the 
Pd-Ni/CNT  electrode  is  smaller  than  that  at  the  Ni/CNT  and  Pd/CNT 
electrodes.  These  results  reveal  that  the  composite  catalyst  has 
higher  electrocatalytic  activity  than  those  single-constituent  cat¬ 
alysts  (Pd/CNT  and  Ni/CNT),  though  each  constituent  in  Pd-Ni/CNT 
(0.5  mg  cm-2  of  Pd  and  Ni)  is  less  than  that  in  Pd/CNT  and  Ni/CNT 
(1  mg  cm-2  of  Pd  or  Ni).  Based  on  these  results,  it  is  considered 
that  the  HOR  at  the  Pd-Ni/CNT  electrode  proceeds  via  a  different 
pathway  from  that  at  the  Pd/CNT  and  Ni/CNT  electrodes. 

Figs.  6  and  7  show  the  hydrazine  electrooxidation  behavior  at 
the  Pd/CNT  and  Ni/CNT  electrodes  in  alkaline  solutions  contain¬ 
ing  different  contents  of  hydrazine,  respectively.  The  anodic  peak 
current  (at  -0.65  V  in  Fig.  6)  increases  with  increasing  the  N2H4 
concentration  in  the  alkaline  hydrazine  solutions,  referring  to  the 
HOR  occurring  at  the  Pd/CNT  electrode.  The  anodic  peak  current  (at 
0.2  V  in  Fig.  7)  increases  with  increasing  the  N2H4  concentration, 
referring  to  the  HOR  occurring  at  the  Ni/CNT  electrode.  However, 
compared  the  Ni/CNT  electrode  with  the  Ni(OH)2/CNT  electrode, 
there  is  no  distinct  difference  in  the  hydrazine  electrooxidation 
behavior.  This  result  implies  that  the  surfaces  of  Ni  particles  in 
Ni/CNT  have  been  covered  by  Ni(OH)2.  It  is  considered  that  the  poor 
electrocatalytic  activity  of  Ni/CNT  is  caused  by  the  surface  oxidation 
of  the  Ni  particles  during  the  HOR  at  ambient  condition. 

It  is  known  that  Ni  has  a  high  electrocatalytic  activity  toward 
the  HOR  at  high  temperatures  [10,11].  Ni(II)  can  be  chemically 
reduced  to  metallic  Ni  in  an  alkaline  hydrazine  solution  at  high 
temperature,  as  described  in  the  catalyst  preparation  and  char¬ 
acterization.  It  is  considered  that  the  metallic  Ni  surface  can  be 
reserved  when  the  DHFCs  operate  at  higher  temperatures.  In  order 
to  prove  this  deduction,  the  linear  potential  sweeps  of  the  Ni/CNT 
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electrode  were  performed  after  the  electrode  was  immersed  in  the 
alkaline  hydrazine  solution  (containing  2M  N2H4  and  1  M  NaOH) 
for  20  min  under  60 °C.  As  shown  in  Fig.  8,  the  anodic  current 
peaks  appear  at  lower  potentials  where  hydrazine  could  not  be 


oxidized  on  Ni  at  25  °C.  The  insert  figure  in  Fig.  8  gives  the  cyclic 
voltammogram  of  the  Ni/CNT  electrode  in  the  1  M  NaOFI  solution, 
which  reveals  that  Ni  could  be  electrooxidized  at  lower  potentials. 
Therefore,  A  sequent  process  of  electrochemical  reaction  occurs  at 


25  nm 


Fig.  2.  TEM  (a-f)  and  HRTEM  (h-j)  images  of  Ni/CNT  (a,  d,  and  h),  Pd/CNT  (b,  e,  and  i)  and  Pd-Ni/CNT  (c,  f,  and  j). 
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Fig.  3.  Gas  evolution  rates  during  the  HOR  on  Ni/CNT,  Pd/CNT  and  Pd-Ni/CNT  at  25 
and  60  °C. 


the  Ni/CNT  electrode  in  the  hydrazine  solution  (5mM  N2H4):  the 
HOR  on  metallic  Ni,  the  Ni  electrooxidation  reaction,  and  then  the 
HOR  on  Ni(OH)2  according  to  the  linear  sweep  voltammograms.  As 
shown  in  Fig.  8,  the  anodic  current  at  lower  potential  increases  sig¬ 
nificantly  with  increasing  the  concentration  of  N2H4  in  the  alkaline 
hydrazine  solutions,  indicating  that  hydrazine  has  been  electroox- 
idized  on  metallic  Ni  under  high  temperature.  The  anodic  current 
peak  around  -0.825  V  can  be  attributed  to  the  HOR  on  metallic  Ni. 


Fig.  4.  Polarization  behavior  of  hydrazine  electrooxidation  in  the  alkaline  solution 
(2  M  N2H4-1  M  NaOH)  on  Ni/CNT,  Pd/CNT  and  Pd-Ni/CNT. 


Fig.  5.  Electrochemical  impedance  spectra  of  the  HOR  at  the  Ni/CNT,  Pd/CNT  and 
Pd-Ni/CNT  electrodes  in  an  alkaline  solution  containing  2M  of  N2H4  and  1  M  of 
NaOH  at  25  °C. 


Potential  vs.  SCE  /  V 

Fig.  6.  LSVs  of  hydrazine  at  the  Pd/CNT  electrode  in  alkaline  solutions  (1  M  NaOH) 
containing  no  N2H4  (a);  5mMN2H4  (b);  10  mM  N2H4  (c);  20  mM  N2H4  (d). 

Fig.  9  shows  the  linear  sweep  voltammograms  of  hydrazine 
at  the  Pd/CNT  and  Ni/CNT  electrodes  with  different  catalyst  con¬ 
tents.  The  decrease  of  Pd  content  in  the  Pd/CNT  electrode  leads  to 
a  decrease  of  the  anodic  current,  whereas  the  Ni  content  in  the 
Ni/CNT  electrode  shows  little  effect  on  the  anodic  current.  How¬ 
ever,  the  Pd-Ni/CNT  electrode  demonstrates  higher  electrocatalytic 
activity  than  the  Ni/CNT  and  Pd/CNT  electrodes,  though  the  Pd 


Potential  vs.  SCE  /  V 


Fig.  7.  LSVs  of  hydrazine  at  the  Ni/CNT  (a-d)  and  Ni(OH)2/CNT  (e-h)  electrodes  in 
alkaline  solutions  (1  M  NaOH)  containing  no  N2H4  (a  and  e);  5  mM  N2H4  (b  and  f); 
10  mM  N2H4  (c  and  g);  20  mM  N2H4  (d  and  h). 
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Potential  vs.  SCE  /  V 

Fig.  8.  LSVs  of  hydrazine  at  the  Ni/CNT  electrode  in  alkaline  hydrazine  solutions  ( 1  M 
NaOH)  containing  5  mM  N2H4  (a);  10  mM  N2H4  (b);  30 mM  N2H4  (c).  The  electrode 
has  been  immersed  in  the  solution  (containing  2  M  N2H4  and  1  M  NaOH)  for  20  min 
under  60  °C  before  testing.  The  insert  figure  shows  the  cyclic  voltammogram  of  the 
Ni/CNT  electrode  in  the  1  M  NaOH  solution. 
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Fig.  9.  LSVs  of  hydrazine  at  (a)  the  Ni/CNT  electrode  (1  mg  cm-2  of  Ni),  (b)  the 
Pd/CNT  electrode  (1  mg  cm-2  of  Pd),  (c)  the  Pd-Ni/CNT  electrode  (0.5  mg  cm-2  of 
Pd,  0.5  mg  cm-2  of  Ni),  (d)  the  Ni/CNT  electrode  (0.5  mg  cm-2  of  Ni),  (e)  the  Pd/CNT 
electrode  (0.5  mg  cm-2  of  Pd)  in  the  alkaline  hydrazine  solution  (5  mM  N2H4-1  M 
NaOH). 

content  in  Pd-Ni/CNT  is  half  of  that  in  Pd/CNT.  Obviously,  a  sim¬ 
ple  combining  effect  of  the  Pd/CNT  electrode  (0.5  mg  cm-2  of  Pd) 
and  the  Ni/CNT  electrode  (0.5  mg  cm-2  of  Ni)  can  not  explain  the 
hydrazine  electrooxidation  behavior  at  the  Pd-Ni/CNT  electrode 
containing  the  same  amount  of  Pd  and  Ni  as  shown  in  Fig.  9.  It  is 
considered  that  the  HOR  on  Pd-Ni/CNT  proceeds  with  a  synergy  of 
Ni  and  Pd  toward  the  HOR. 

3.3.  Synergy  between  Pd  and  Ni 

The  Pd-Ni/CNT  electrode  at  25  °C  demonstrates  an  anodic 
behavior  similar  to  the  Ni/CNT  electrode  at  60  °C  as  shown  in 
Fig.  10(a).  There  are  two  anodic  current  peaks.  The  anodic  current 
peak  around  -0.825  V  can  be  attributed  to  the  hydrazine  electrooxi¬ 
dation  as  described  above,  and  the  peak  at  -0.72  V  can  be  attributed 
to  the  Ni  electrooxidation  because  a  redox  couple  appears  in  the 
alkaline  solution  without  N2H4  addition  as  shown  in  Fig.  10(b).  The 
unbalanced  relationship  between  the  cathodic  and  anodic  currents 
is  caused  by  the  hydrogen  evolution  in  the  cathodic  process  because 
hydrogen  generates  at  more  negative  potential  than  the  Ni(II)  elec- 


Potential  us.  SCE/  V 


Fig.  10.  (a)  LSVs  of  hydrazine  in  the  alkaline  solution  (5  mM  N2H4-1  M  NaOH)  at 
25  °C  using  (1)  Ni/CNT,  (2)  Pd/CNT,  (3)  Pd-Ni/CNT  electrodes,  and  at  60  °C  using  (4) 
Ni/CNT  electrode  after  being  immersed  in  the  solution  (2M  N2H4-1  M  NaOH)  for 
20  min  under  60  °C.  (b)  Cyclic  voltammogram  of  the  Ni/CNT  electrode  in  the  1  M 
NaOH  solution  at  25  °C. 


Potential  vs.  SCE  /  V 

Fig.  11.  LSVs  of  the  Pd/CNT  electrode  in  1  M  NaOH  after  being  immersed  in  2M 
N2H4-1  M  NaOH  solution  with  different  intervals,  a:  Omin;  b:  10  min;  c:  20  min. 


troreduction  regarding  to  theoretical  potential  calculation.  These 
results  are  coincident  with  the  results  that  Ni  electrooxidation  eas¬ 
ily  occurs  in  alkaline  media  by  following  reaction  [16,17]: 

Ni  +  20H-  ->  Ni(OH)2  +  2e~  (3) 

and  the  Ni  electrode  has  practically  no  ability  to  take  out  hydrogen 
from  hydrazine  molecules  at  room  temperature  [18]. 

Jung  et  al.  [19]  suggested  a  palladium-doped  double-walled 
silica  nanotubes  (SNTs)  as  a  hydrogen  storage  material.  It  was 
reported  that  the  Pd  metal  could  adsorb  hydrogen  as  mobile  atoms 
[20],  and  the  Pd  hydride  could  be  formed  at  0.08  V  vs.  RHE  (cor¬ 
responding  to  -0.8  V  vs.  SCE)  in  a  0.1  M  NaOH  solution  [21]. 
Skowronski  et  al.  [22]  found  that  hydrogen  adsorbed  in  Pd  catalyst 
was  electrooxidized  at  -0.4  V  vs.  Hg/HgO  in  6  M  NaOH  (correspond¬ 
ing  to  -0.55  V  vs.  SCE).  These  results  imply  that  Pd  hydride  could 
be  formed  when  a  Pd  electrode  was  immersed  into  a  hydrazine 
solution. 

In  order  to  identify  the  Pd  hydride  formation,  the  linear  potential 
sweep  of  the  Pd/CNT  electrode  was  performed  in  the  NaOH  solution 
(1  M)  after  the  electrode  was  immersed  in  the  alkaline  hydrazine 
solution  (2  M  N2H4,  1  M  NaOH)  with  different  intervals.  The  elec¬ 
trode  was  washed  with  a  NaOH  solution  (1  M)  for  several  times  to 
make  sure  that  no  N2H4  left  on  the  electrode  before  testing.  It  was 
found  that  the  oxidation  peak  current  around  -0.55  V  increased 
with  increasing  the  immersing  interval  as  shown  in  Fig.  1 1 ,  which 
indicated  that  Pd  hydride  had  been  formed  during  immersing  the 
Pd/CNT  electrode  in  the  alkaline  hydrazine  solution,  according  to 
the  Pd  hydride  electrooxidation  reaction  [22]. 

From  these  results  and  discussion  as  mentioned  above,  it  can  be 
concluded  that  the  HOR  on  Pd-Ni/CNT  takes  place  as  follows: 

(1)  Pd  absorbs  hydrogen  from  hydrazine  to  form  Pd  hydride; 

(2)  Pd  hydride  reacts  with  Ni(OH)2  on  the  surfaces  of  Ni  particles 
to  form  metallic  Ni  through  a  microcell  reaction  between  Pd 
hydride  particles  and  Ni  hydroxide  on  Ni  particles: 

2PdHx  +  xNi(OH)2  -*  xNi  +  2Pd  +  2xH20  (4) 

(3)  hydrazine  electrooxidation  reaction  occurs  on  Ni  and  Pd. 

According  to  the  theoretical  calculation  from  Gibbs  free  energy 
[23]  (AG°  =  -17KJmol-1  <0  when  x  =  0.5),  reaction  (4)  is  feasible. 
It  is  believed  that  the  Pd  existence  in  the  composite  catalyst  pre¬ 
vents  Ni  oxidation  in  alkaline  hydrazine  solutions  during  the  HOR 
due  to  the  formation  of  Pd  hydride  and  the  feasible  reaction  (4). 
Because  metallic  Ni  has  higher  electrocatalytic  activity  toward  the 
HOR  than  Pd  [3,1 0],  the  Pd-Ni/CNT  electrode  demonstrates  smaller 
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Fig.  12.  Cell  performances  of  the  DHFCs  using  Ni/CNT,  Pd/CNT  and  Pd-Ni/CNT  as 
the  anode  catalysts  and  Pt/C  as  the  cathode  catalyst  at  25  and  60  °C. 

reaction  resistance  of  hydrazine  electrooxidation  than  the  Ni/CNT 
and  Pd/CNT  electrodes  at  room  temperature. 

Fig.  1 2  exhibits  the  cell  performances  of  the  DHFCs  using  Ni/CNT, 
Pd/CNT  and  Pd-Ni/CNT  as  the  anode  catalysts  and  Pt/C  as  the  cath¬ 
ode  catalyst.  The  cell  performance  increases  with  increasing  the 
operation  temperature  because  high  operation  temperature  is  ben¬ 
eficial  to  both  the  HOR  and  the  oxygen  reduction  reaction  (ORR). 
It  is  noted  that  the  performance  improvement  of  the  DHFC  using 
Pd-Ni/CNT  at  60  °C  is  more  significant  than  that  at  25  °C.  It  is 
because  that  Ni  could  exist  in  metallic  state  during  the  HOR  accord¬ 
ing  to  the  reaction  (4)  and  the  following  reaction: 

N2H4  +  2Ni(OH)2  -*  2Ni  +  N2  +  4H20  (5) 

Therefore,  Pd  and  Ni  exhibit  more  significant  synergy  to  improve 
the  electrocatalytic  activity  of  Pd-Ni/CNT  toward  the  HOR  at  higher 
operation  temperatures.  As  a  result,  the  DHFC  using  Pd-Ni/CNT 
shows  higher  performance  improvement  at  higher  temperatures 
than  at  low  temperature. 

4.  Conclusions 

CNTs  supported  Ni,  Pd  and  Pd-Ni  catalysts  are  successfully  pre¬ 
pared  by  reduction  of  Pd  and  Ni  precursors  with  hydrazine  in  an 
aqueous  ethylene  glycol  solution.  Pd-Ni/CNT  demonstrates  higher 
electrocatalytic  activity  toward  the  HOR  than  Ni/CNT  and  Pd/CNT 
due  to  the  synergy  between  Ni  and  Pd.  The  HOR  on  Pd-Ni/CNT  takes 
place  through  following  steps: 


(1)  Pd  absorbs  hydrogen  from  hydrazine  to  form  Pd  hydride; 

(2)  Pd  hydride  reacts  with  Ni(OH)2  existing  on  surfaces  of  Ni  par¬ 
ticles  to  form  metallic  Ni  surfaces; 

(3)  hydrazine  electrooxidation  reaction  occurs  on  metallic  Ni  and 
Pd. 

The  performance  measurements  prove  that  the  synergy 
between  Ni  and  Pd  plays  an  important  role  in  the  performance 
improvement  of  the  DHFCs. 
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